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desirable to achieve superior mechanical properties according to the Hall–Petch equation [6, 7]. In addition, a 
fine grain structure is expected to lead to a more uniform distribution of solute elements, secondary phases and 
microporosity in the final metal components [8]. The currently available techniques of grain refinement for 
Mg–Al casting alloys include superheating, Elfinal process and carbon inoculation [9–10]. Among these, 
carbon inoculation is found to be an effective refining method for Mg–Al based alloys on account of their 
practical advantages such as low operating temperature, large melt volume and less fading on long holding 
[11]. In carbon inoculation, carbon is added to the melt in various forms such as graphite, C2Cl6, C6Cl6, Al4C3, 
SiC, etc. However, the nucleant responsible for the grain refinement in Mg–Al alloys by carbon inoculation is 
not yet clear. Hence in the present investigation, an attempt has been made to study the effect of charcoal 
addition (a carbon agent) on the grain refinement and its mechanism on AZ91 alloy, in addition the mechanical 
behaviour of AZ91 alloy without and with charcoal addition also studied in detail. 
2. Experimental  
AZ91 alloy melt was prepared under proper flux cover in a steel crucible placed in an electrical resistance 
furnace. Addition of charcoal particles of an average size 21μm was carried out when the melt temperature was 
around 740°C. The melt was stirred manually for 60 seconds and allowed to have perfect interaction between 
the melt and additives for 10 min. It was then poured into preheated (300°C) cast iron cylindrical metallic 
moulds of 20mm diameter and 125mm height. For microstructural analysis, cylindrical samples of size 15mm 
dia. and 15mm height machined out of these castings were used. To facilitate the grain size measurements, all 
the microstructural samples were subjected to solution treatment at 410°C for 24 hrs followed by cold water 
quenching. To avoid oxidation of Mg alloy samples during solution treatment, a mixture of 20% coke mixed 
with 80% foundry sand bed was kept inside the oven separately to absolve the oxygen. For microstructural 
characterization, the samples were polished and etched using an etchant (solution of 5 ml acetic acid, 10 ml 
water, 6 g picric acid and 100 ml ethanol). Microstructural analyses were conducted using Leica DMRX optical 
microscope and JEOL, JSE 35C scanning electron microscope (SEM) attached with an energy dispersive 
spectrometer (EDS). The grain size was measured using the QWin image analysis software. X-ray diffraction 
analyses were carried out using Phillips PW 1710 powder diffractometer with Cu KĮ radiation. For evaluating 
the tensile properties, specimens prepared in accordance with the ASTM-E8 specifications were tested using an 
Instron Universal Testing Machine at a strain rate of 1.3x10-3/sec.  
3. Results and discussions 
Figure 1 presents the optical microstructures of the solution treated AZ91 magnesium alloy without and with 
charcoal additions. From the micrograph of AZ91 Mg alloy (Fig.1a), the grain size measured using linear 
intercept method show an average value of 100 μm. Fig. 1b-f shows typical micrographs of AZ91 Mg alloy 
samples withdrawn from the melt after addition of charcoal at various addition levels (0.1, 0.2, 0.3, 0.4 and 0.5 
wt %). It is also clear that the grain sizes of the charcoal treated samples in Fig. 1b-f is much more refined 
compared with that observed in Fig.1a for the base alloy. By adding a small amount, i.e 0.1 wt% of charcoal, 
the grain size is dramatically decreased and the grain size is found to be approximately 48 μm (Fig. 1b). 
Similarly, with increasing the addition level of charcoal to 0.2, 0.3, 0.4 and 0.5 wt %, the grain sizes observed 
are 30, 23, 14 and 26 μm respectively (Fig. 1c-f). These results show that, maximum grain size reduction is 
achieved at a refiner level of 0.4 wt%. 
Since addition of the charcoal powders is the only treatment given to the AZ91 alloy, therefore the additives 
must be responsible for the grain refining effect observed in Fig. 1b-f. Many studies suggest that the adding 
carbon bearing materials to the Mg–Al melt, binary carbide such as Al4C3 is formed which acts as a nucleation 
site for Į-Mg. However, more recently, Huang et al. [12] have identified ternary carbide Al2MgC2 in XRD, and 
suggested that these particles are responsible nuclei for the grain refinement of Į-Mg. On the contrary, more 
recently Subramanian et al. [13] and Chen et al. [14] have observed Al4C3 particles in XRD in their studies. In 
order to identify the grain refining mechanism of charcoal on AZ91 alloy, initially SEM/EDS analysis was 
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carried out on the charcoal treated AZ91 alloys. SEM analysis did not reveal charcoal particles in the treated 
samples. Instead, fine particles were often observed in the grain centre of the primary Mg. 
 
Fig. 1. Optical microscope images of different levels of charcoal added AZ91 alloy after 24 hr solution heat treatment at 410 oC (a) 0 wt% 
(b) 0.1 wt% (c) 0.2 wt% (d) 0.3 wt% (e) 0.4 wt% and (f) 0.5 wt%. 
Fig. 2 shows typical SEM secondary electron images of the treated samples, which clearly reveal the 
presence of such particles. The EDS analysis obtained from these particles in Fig. 2 shows Mg, C, O and Al 
concentrations. The observed O concentration in this particle might have occurred during the sample 
preparation. Further the EDS results suggest that the particle consists of Mg, Al and C. To confirm the particles 
nature as binary or ternary, XRD analyses have been carried out on the high percentage (5wt%) as well as 0.2 
wt% charcoal added AZ91 alloy. Since the Al4C3, Al2MgC2 particles are highly reactive with water; the 
samples for XRD have been carefully prepared without using any water containing agents. Fig. 3 shows the 
XRD patterns of 0.2 wt% and 5 wt% charcoal added AZ91 alloys. 0.2 wt% charcoal added AZ91 alloy shows 
the presence of Į-Mg, ȕ-Mg17Al12 phases. However, the XRD of 5 wt% charcoal added AZ91 alloy reveals the 
presence of Al4C3, Al2MgC2 phases also along with Į-Mg, ȕ-Mg17Al12 phases, which confirms that both the 
phases act as potential nucleants for Mg grains. It is believed that the presence of Al4C3, Al2MgC2 particles are 
lower in amount in 0.2 wt% charcoal added AZ91 alloy, which may be less than the detection level of the 
XRD; thus, the peaks for the Al4C3, Al2MgC2 particles are not observed in XRD results. 
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Fig. 2. SEM micrograph and EDS spectrum of AZ91 alloy with 0.2 wt% charcoal addition. 
Table 1 presents the mechanical properties of as-cast AZ91 alloy without and with charcoal additions. It is 
inferred from the table that the hardness of the as-cast alloy increases from 61 BHN to 69.5, 76.3, 83.1, 92.5 
and 85.6 BHN with the addition of 0.1, 0.2, 0.3 0.4 and 0.5wt% of charcoal, respectively. Besides, improved 
tensile properties are also obtained with the addition of charcoal. It can be noticed from the table 1 that, as the 
addition levels of the charcoal increases from 0 to 0.4wt%, the tensile properties of the alloy increases to a 
large extent.  This can be as a result of combined effect of grain refinement and the distribution of hard 
particles
 
in the matrix, which promotes the dispersion strengthening. However, decrease in tensile properties is 
observed when the charcoal addition is beyond 0.4 wt%. This is due to the grain coarsening, which leads to the 
reduction in the grain boundary area.  
Table. 1. Mechanical properties of as-cast AZ91 Mg alloy containing charcoal. 
Alloy Hardness 
(BHN) 
0.2% YS 
(MPa) 
UTS 
 (MPa) 
% El. 
AZ91 61 95 180 3.3 
AZ91+0.1 C 69.5 107 208 3.5 
AZ91+0.2 C 76.3 114 227 3.8 
AZ91+0.3 C 83.1 125 243 4.95 
AZ91+0.4 C 92.5 134 261 5.4 
AZ91+0.5 C 85.6 117 229 4.1  
 
 
Fig. 3. XRD patterns of as-cast AZ91 alloy with 0.2 wt% & 5 wt% charcoal. 
4. Conclusions 
The addition of charcoal particles effectively refines the grains in AZ91 Mg alloy. Maximum grain 
refinement is achieved with 0.4 wt% charcoal addition, which is found to be the optimum. Both the Al4C3 and 
Al2MgC2 particles act as effective nucleants for magnesium grains. As a result of fine grained structure and the 
presence of hard particles the charcoal treated alloys show better hardness and tensile properties.  
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